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Abstract

:

Countries around the world generate electricity from renewable resources to decarbonise their societies and reduce global warming. Some countries have already outlined their wishes to produce a part of their total energy consumption from renewable sources in the coming years and gradually reduce the use of nuclear energy and fossil fuel in favour of cleaner fuels. While renewable energies are significant factors in tackling climate change, the parameters that can influence their performance should be analysed in detail during the design process. One of these parameters is the foundation of an offshore wind turbine. Offshore wind turbines allow more energy to be produced than an onshore installation, and do not have any harmful effects on human beings, while their geotechnical aspects need to be clearly determined in advance. In this study, the influential parameters such as soil type, the number of bolts in the design, and the size of the structure were analysed using the finite element method for three different designs. The simulations showed that some soil properties, such as cohesion, do not influence the results, while Young’s modulus has a large influence on the designs. Additionally, the results of this study showed that the maximum stress concentrations are at the bolts and connection joints where they are too close to the steel’s yield stress. It also proves that the non-elastic behaviour of the soil does not require to be assigned for such analyses and it can be simplified only with its elastic behaviour. The embedded length affects the lateral displacement, while the number of bolts influences the structure’s resistance to external loads.
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1. Introduction


The last decade has seen increasing use of renewable energy globally [1]. Power production in some countries is mostly provided by green energy to have a sustainable development [2] using solar panels, hydropower, wind turbines, etc. One of these sources of energy is wind. Usually, an offshore wind turbine is designed for a lifetime of 20 or 30 years [3]. During that period, the structure is subjected to several extreme conditions, including weather conditions (such as waves, currents, wind), earthquakes, and loads due to the rotation of blades. The principal difference between an offshore and onshore construction is the combination of wind and wave loads on the structure, which implies a higher level of constraints, especially for extreme weather conditions. The choice of the type of foundation and the design process is a complex task because it strongly depends on the geographical location and soil properties.



The foundation of an offshore wind turbine is the structure whose primary function is to sustain the tower and transfer loads to the surrounding soil. Due to the huge forces that can be applied to both wind turbine and foundation, a detailed design of the foundation is necessary to avoid the failure of structures and ensure the wind turbine operates correctly. However, resistance to loads is not the only design criterion. The natural frequency of the whole assembly is another significant parameter [4] because it is very close to the rotor, blade-passing, wave, and wind frequencies, and it must never be equal to any of these [5], in which case, resonance may occur, causing severe consequences, up to the failure of the structure. Over the last 30 years, several studies have been carried out on foundations under lateral loads [6,7,8,9,10,11,12,13,14,15,16,17].



There are a few different types of design for wind turbine foundations. Aside from their design, not all of those foundations can be used in the same water depth [18]. Additionally, the depth of the seabed is usually a limiting parameter in the installation of offshore wind turbines. The two main types of foundations are fixed [10,19] and floating ones [20,21]. Conventional turbines used in offshore power farms should be installed at a fixed depth of fewer than 40 m [22]. In most areas, the installation of these turbines cannot be more than 30 km from the beach [23], but this is different for floating turbines [24]. Not only the costs of the infrastructure and foundations of floating principles are high, but also there is a high total charge differential between floating and fixed offshore wind plans. Therefore, the most common foundation is the fixed one [19], but research about floating structures has improved over the last decade [11,25,26,27,28,29]. In terms of structure, there are several types of foundation structures [30]: gravity [31], monopile [32,33,34], tripod [35,36,37], jacket/lattice structure [38,39,40], tension leg with suction buckets [41] and buoy with suction anchor [42,43].



The gravity foundation is a large ballast-filled concrete directly lying on the seabed [44]. As this foundation ensures the stability of the wind turbine with its weight, it can only be used in water up to 15–20 m depth [45], and environmental loads [4] (such as wind and wave loads) must be small. Although it is easy to build the support structures for gravity foundation turbines, these supports have relatively low resistance against the forces [24]. It is worth mentioning that gravity-based turbines need adequate load-bearing capability to carry the self-weight, environmental loads, and service bars operating on the base of constructions [24] and its interaction with soil. Furthermore, the large size of these foundations implies a manufacturing cost higher than other types of foundation [46].



The monopile is simpler than the gravity base. It is a cylindrical pipe with a constant large diameter that is drilled or driven into the soil. The foundation can be divided into two parts: the foundation, which is the region embedded in the soil, and the substructure that corresponds to the part above the seabed. The aerodynamic and hydrodynamic loads (essentially due to waves and wind) are transferred as bending moments [47] and shear loads to the whole structure, and are then transferred as lateral loads to the soil. A monopile foundation uses a transition piece that connects the tower of the wind turbine and the monopile. This transition piece, and especially the way it is connected to the monopile, is mentioned in a few studies [48,49]. The monopile can be used in water depths up to 30 m [50]. Monopile foundations are the simplest ones to manufacture and install, and also their efficiency and conformable constructions have been proven [51]. It is also possible to cut the pile into different parts to change the length and adapt the foundation to the soil type. Thus, the monopile foundation allows high flexibility in terms of maintenance. It is also possible to use extra-large (XL) monopiles [52], which are foundations with a larger diameter than normal monopiles, but the cost of these XL monopiles is prohibitive. These XL foundations have a diameter exceeding 7 m [52]. However, monopiles also have a few disadvantages. First of all, the mass to stiffness ratio is fairly high, which might result in a natural frequency close to the rotor speed frequency [5], leading to some fatigue issues. Furthermore, this type of foundation provides a more prominent maximum deflection at the top of the wind turbine than other foundations. As it is a cylindrical structure, it is also sensitive to hydrodynamic loads, especially XL monopiles due to their larger diameter. Although this foundation structure has been used extensively for offshore wind farms [53], nevertheless, further accurate design techniques are required to decrease the weight and needed embedment of the monopile base [24].



A suction buckets type foundation does not require any heavy equipment for piling or installation. It is an economical foundation technique because it can be installed very quickly with a simple procedure, but the ultimate capacity of this foundation is sensitive to the skirt length of it.



One of the most common foundations is the tripod. It is better attuned to the monopile because it is made of three monopile foundations. The difference between it and a simple monopile is that it can be used in deeper water [4] (up to 40–45 m) and it offers a lower tower deflection [13]. Even though it offers better results than the monopile, this kind of structure is more expensive to build and its installation is more complex. Multipod (tripod and jacket) can provide the required strength and stiffness, but tripod and jacket structures are effective in transitional water depths with relative short penetration length. Jacket’s structure is used in very deep water (45–50 m) and is also used when monopiles provide huge deflection [54]. The geometry is more complicated as it is a truss structure [8,55]. However, the cost of this structure is much higher than the monopile, mainly because it uses more materials and the installation time is longer.



The foundation of a wind turbine is more complex in deeper water. For shallow water up to 30 m depth, structures are relatively simple because special structural reinforcements to support loads are not required [44].




2. Materials and Methods


2.1. Design Criteria of Wind Turbine


In this study, the influential parameters such as soil type, number of bolts in the design and the size of the embedded structure on the offshore wind turbine’s monopole foundations are analysed by developing finite element models using ABAQUS software (SIMULIA, Providence, RI, USA) in three different types of design (see Table 1).



This study is divided into two main parts: A first simple model assumes that the monopile and the transition piece are a single part, made of the same material, and a more complex model includes a more detailed design of the transition piece and the connection with the monopile and the tower. To ensure the proper functioning of the wind turbine and to avoid excessive displacement, the deflection at the top of the tower should not exceed a limiting value. This value is limited to 1.5% of the height above the seabed, which is 1.65 m in this study. Furthermore, structural behaviour should be in the elastic domain of the material. This means that the maximum stresses throughout the whole structure must be less than the yield stress of the steel to avoid any permanent deformation.



During the operating time of the wind turbine, its structure is subject to millions of cyclic loads, so they should be well designed in order to have a natural frequency of the tower that matches with a specific range of use. Indeed, this frequency must not be equal to certain values to avoid the occurrence of the resonance phenomenon, which could have catastrophic consequences for the structure. The natural frequency should never be equal to the wave or wind frequencies, but these are not the most important frequencies. When the wind turbine is functioning, the blades are rotated at a specific velocity, which implies a gyroscopic effect. This effect causes a frequency called rotor frequency (usually called 1P) [56]. Furthermore, the turbine causes other excitation due to the blades passing the tower, with a frequency three times larger than the rotor frequency, thus 3P [57]. These two frequencies are critical criteria for structural stability designing of an offshore wind turbine [58].



Generally, three different types of design are now possible:




	
The natural frequency is less than the 1P frequency. This range is called the soft–soft field [59]. In this case, the structure is too flexible, and in this range, the frequency might be closer to the waves’ frequency and consequently lead to resonance.



	
The natural frequency is higher than the frequency of the 3P blade. This is a stiff–stiff range. This situation leads to a structure that is too rigid. This is unfeasible because the tower would be too heavy and too expensive.



	
The natural frequency is between the 1P and 3P frequencies. This is a soft–stiff range. This range is the best design case. The frequency is fairly far from the wave and wind frequencies, and will lead to the best design.








The natural frequency highly depends on the structural design and the material properties, and the soil’s properties have effects on the foundation design. Therefore, they can give a logical estimate of the foundation stiffness. The type of soil into which the foundation is driven is a significant parameter that may have consequences on the tower deflection and the fundamental frequency.




2.2. Geographical Location


The wind turbine location chosen for this study is station 44,012 located in the New Jersey offshore area. This specific location has been chosen due to the public data being fully available. Those data are collected by the National Data Buoy Center, which is the first source of meteorological and oceanographic measurements for the marine environment.



The wind speed was assumed at the height of 13.8 m above the sea surface level and is an average of the velocity for eight minutes. The data obtained for waves (period, significant height, etc.) are an average of every wave for 20 min. All these data were collected for a ten-year return period. Two different situations are considered: the normal operation state, which is related to the average over ten years, and the extreme sea state, which corresponds to the highest values obtained during these ten years. These two phases are shown in two conditions in Table 2.




2.3. Loads on the Structure


Two main types of load were assigned on an offshore structure: dead loads and environmental loads. Dead loads are loads due to the weight of the structure and have a constant value during the operating life of the structure. Environmental loads are due to climatic conditions. The most important environmental loads are wind, wave, and current force. However, some other loads may be added, such as impact from a boat or an iceberg, but these are rare events and will not be taken into account in this study.



2.3.1. Aerodynamic Loads


When modelling the effect of the wind on a structure, two velocity profiles are commonly used: logarithmic profile and a power-law. It has been proven that results are quite similar in both of these profiles [60], so a power-law will be used. This law only requires knowledge of the wind velocity at a specific height z0 [61]:


V_wind (z) = VG (z/zG)



(1)




where V_wind (z) is the mean wind speed at height z, VG is the gradient-wind velocity and zG and α = 0.14 [62] are related to ground roughness.



When the wind passes through the wind turbine, blades are rotated, which creates a thrust force at the hub. Assuming a stationary and incompressible airflow and using Froude’s theory, the thrust force can be approximated by the following equation [62,63]:


  F _ rotor = 2    ρ air    S _ rotor    U 2    a  (  a − 1  )   



(2)




where   a =  1 3    is the induction axial factor,  ρ air is air mass density S_rotor = πR2 _rotor and U is the mean wind speed at    Z  h u b   = 90   m   (hub height) in this study.



When the wind speed is greater than 25 m/s, the mechanical breaks will stop the blades to avoid the failure of the rotor [64]. In this case, the rotor force can be expressed using the blade shape equation:


  F _ rotor = 0.5    ρ air    S _ rotor    U 2     C b   



(3)




where    C b  = 0.3   is the blade shape coefficient.



Note that the rotor force will be larger in the situation where blades are not rotated.



Furthermore, the wind also acts on the tower structure of the wind turbine. As the wind intensity varies with height, this load is not a concentrated force like the rotor force, but a distributed load (force per unit length) along the tower [65]:


  F _ tower z = 0.5    ρ air    A    U 2     C d   



(4)




where A is the surface area of the body with Cd the coefficient of drag of a circular section, which depends on the Reynolds number and is set to 0.7 according to the international accredited registrar and classification society (DNV-GL) recommended practice for marine operations [66].




2.3.2. Hydrodynamic Loads


Another very important load when studying offshore structures is the wave load [67,68]. In extreme conditions, the waves’ strength may be very high, and it can induce a significant force on the structure. It is well known that the sea state is fluctuating all the time, and generally hydrodynamic loads on a cylinder are applied in each direction (X, Y and Z). In order to simplify the model, it has been assumed that wave load is only along the X-direction. The Morison equation is used to evaluate this force acting on submerged structures [69]. To apply this equation, the diameter of the monopile should respect specific conditions. Indeed, the diameter    D P    of the foundation should be less than 0.2λ, with λ being the wavelength. Assuming that the wave propagates in the x-direction, in a sea of a constant depth, the velocity of the wave can be expressed by the following equation [70]:


   U  w a v e    (  z , t  )  =   H ω  2    cosh    (  k  (  z + d  )   )    sinh    (  k d  )     



(5)




where H is the maximum wave height,   ω =   k g tanh    (  k d  )      [71] is the pulsation of the wave,   k = 2 π / λ   is the wave number, g is the acceleration of gravity, and d is the water depth. Then, considering a small element of thickness dz, the Morison equation is:


  d F = [ 0.5  C d   D p   ρ  w a t e r     U    (  z , t  )   |  U    (  z , t  )   |  +  C m   ρ  w a t e r     π    D p 2   4    Ů    (  z , t  )  ] d z  



(6)




where Dp is the cylinder diameter,    ρ  w a t e r   = 1025   kg /  m 3    is the density of water, Ů(z,t) is the acceleration of water [72],    U  (  z , t  )  =  U  w a v e      (  z , t  )  +  U  c u r r e n t     is the velocity of the fluid, and    U  c u r r e n t   = 1    m  / s   is the current speed which is considered constant in this study. Finally,    C m  = 2   is the inertial coefficient and    C d  = 1   is the drag coefficient: these values are deterministic values [71,73]. Note that this equation is the sum of two components: the first one is a drag force whereas the second component is an inertial force. However, the wave force will be used as a force per unit length along the foundation, and by using the expression of the wave’s velocity in the Morison equation, the wave load per unit length is described by the following equation:


   f  w a v e    (  z , t  )  = 0.5  C d   ρ  w a t e r    D p     H 2   ω 2    4 sinh      (  k d  )   2    cosh    (  k  (  z + d  )   )   2  cos  (  ω t  )   |  cos    (  ω t  )     |  −  C m   ρ  w a t e r       π  D P 2  H  ω 2    8 sinh  (  k d  )    cosh  (  k  (  z + d  )   )  sin  (  ω t  )   



(7)







As in every study of a complex structure, some simplifying assumptions must be made in order to obtain numerical results within a reasonable simulation time. Obviously, these are assumed in order to obtain accurate results. In the first case, it has been assumed that the monopile and the transition piece are as one piece. Additionally, the connection between the foundation and tower has been simplified to a simple continuity of both cross-sections. All the equipment on the structure, such as work-platform, external tubes, ladders or bolts, have been omitted. The rotor and nacelle assembly is not designed. It has been replaced by its equivalent pressure load operating at the top of the tower. The following study is divided into two parts: the first model does not take the soil into account, while a more realistic model takes the soil into account.





2.4. Geometric Features


Even if foundation and transition pieces are considered as one part, this model can also be divided into two parts: the first part is a cylindrical pipe with constant diameter extending up to the sea surface, and the second part is a cylindrical pipe with a variable cross-section which is used to connect the monopile and the tower. The bottom section of this transition part corresponds to the monopile cross-section and the top section corresponds to the bottom section of the tower.



The water depth is considered 20 m in all cases. The diameter of the monopile is chosen to be equal to 7 m. This is a relevant choice due to the chosen wind turbine in this study (more details in the next subsection). Once the diameter is chosen, the wall thickness of the pile can be expressed as a function of this diameter, according to the following equation [74]:


   t p  ≥ 6.35 +    D p    100    



(8)




where Dp is the pile diameter in cm. Therefore, in this case, the wall thickness must be greater than 6.42 cm. Due to the wind turbine chosen, the wall thickness has been chosen to be equal to 13 cm, to ensure a better stability of the structure under extreme conditions.



Both tower and foundation are made of steel S550, which is a high yield stress steel. The Young’s modulus E is 210 GPa and Poisson’s ratio ν is 0.3. For the monopile, the density  ρ  of the steel is 7800 kg/m3. It has been decided to use a density of 8500 kg/m3 for the tower to account for bolts and nuts that are not designed but still present in reality. The yield stress Re of this steel is 550 MPa.




2.5. The NREL 5MW Turbine


The National Renewable Energy Laboratory’s (NREL) 5MW baseline wind turbine has been chosen for the whole study. This is a conceptual wind turbine created by the NREL [75,76] to be used as a reference model for research teams throughout the world. It is a 3-blade wind turbine, with a power of 5MW. The radius of each blade is 63 m, and the rotor height is 90 m above the sea surface level.



To ensure the safety of the tower and all the components of the structure, the wind turbine cuts off when the wind speed exceeds 25 m/s. Table 3 summarises the main characteristics of the wind turbine.




2.6. Design 1: 3D Design without Modelling the Soil


The entire numerical analysis has been carried out using the finite element software ABAQUS. The model created with ABAQUS is shown in Figure 1.



The different loads (wave, weight and nacelle weight) have been applied as pressure loads to the relevant surface. The rotor force has been modelled as a concentrated force applied at the top of the tower. To model this force, a reference point was created and “tied” to the top surface of the tower. The weight of the structure has also been modelled, as a gravity load in ABAQUS. Furthermore, the lateral loads (due to waves and wind) are applied on only half of the structure and oriented in the opposite direction of the Z-axis.



As the soil is not modelled in this part, the bottom face of the monopile is embedded, which means it has no degrees of freedom, as shown in Figure 2.



One of the most important parts when conducting a finite element analysis is the mesh with the choice of the element type. The size of the mesh also has a significant impact on the accuracy of the results. Indeed, the smaller the mesh, the better the results. To ensure the results are sufficiently accurate and to avoid an overly long simulation time, a mesh convergence analysis was carried out to choose the mesh size. Finally, the selected value of the global mesh size for the whole model was 0.75 m. The element type is C3D8, and this is an 8-node linear element.




2.7. Design 2: 3D Design with Modelling of the Soil


In order to have a model that is closer to reality, the soil has to be modelled. Indeed, the interaction between the soil and the structure is very important and may have consequences for the results. Generally, soil behaves differently to solid structures made of steel or concrete. Most of the time, the behaviour of soil is non-linear and some plastic deformations may occur under loading. Additionally, soils are generally non-homogeneous and anisotropic.



The type of soil and its properties are very important and may have huge effects on the accuracy of the results. In this paper, only clay and sand soil are studied. The soil parameters used are presented in Table 4.



The embedded length of the monopile in the soil has been set to 35 m according to the literature review for this type of foundation. The soil is modelled as a cylinder with a radius of 40 m and a depth of 40 m below the seabed. In order to avoid any adverse boundary effects, the radius of the soil should be more than 10 or 11 times the radius of the monopile: so, greater than 35 m in this case. In the middle, there is a hole with a radius of 3.5 m radius and a length of 35 m to model the space where the monopile will be driven into the soil.



Two different boundary conditions have been applied to the soil. The bottom has been embedded, and so no degrees of freedom are free. On the sides, only displacement conditions along the Y-direction and X-direction (U1 = U2 = 0 in ABAQUS) were considered. Then, the contact between the soil and the foundation was defined as a surface-to-surface interaction and the friction has to be taken into account in the model. Two areas are in contact, the first being the side of the monopile with the surrounding soil and the second concerning the bottom of the soil. For both contacts, normal and tangential behaviour must be defined in ABAQUS (Figure 3).



For the side interaction, the normal behaviour has been used as “hard” contact and the separation after contact (when loads are applied) is allowed. A cohesive behaviour has also been defined for the monopile. The tangential behaviour is used as a penalty, and a friction coefficient of 0.5 has been used [77]. A small sliding formulation has also been used. For the second interaction, the normal behaviour is still used as “hard” contact but the tangential is used as frictionless and a finite-sliding formulation is used. It has been decided to “tie” the bottom of the monopile with the soil.



Note that for both interactions, a surface-to-surface discretisation has been used. The soil was used as a slave surface and the monopile as a master surface. The element type for the structure is still C3D8. Otherwise, the soil was modelled with the C3D8P element, which is an 8-node brick element including pore pressure degree of freedom.



As contact is defined, the mesh size is more important here. The global size for the structure was set to 0.75. As shown in Figure 4, the soil is divided into three parts. The first is the area close to the pile, where the mesh is finer (size of 0.8), then the far field has a larger mesh (size of 3) because there are no interactions defined in this area and the mesh along the 35 m below the seabed is also smaller than the monopile’s mesh and set to 0.6. Finally, the bottom has a bigger mesh too, with only 3 elements along the height. It is important to have a finer mesh on the slave surface than on the master surface, so as to obtain the relevant stresses values at this interface. At a given depth, the number of elements for the soil part in contact with the monopile is 168, whereas there are only 30 for the foundation, as the soil’s mesh is finer.



Soft clay: The Young’s modulus E of soft clay is 20 MPa, and the Poisson’s ratio υ is 0.45. The void ratio  e  is 0.66 and the permeability  k  is     10   − 6     cm / s .   The density   ρ   is 1150   kg .  m  − 3    . Stiff clay: The Young’s modulus E of stiff clay is 100 MPa, and the Poisson’s ratio υ is 0.45. The void ratio e is 0.428 and the permeability  k  is     10   − 6      cm  / s  . The density  ρ  is 1350   kg .  m  − 3    . The properties for the layered soil are shown in Table 4.



First, the soil was modelled with an elastic model. Furthermore, in the FE analysis, all normal stresses σxx, σyy and σzz for the soil are effective stresses. Four steps are defined in this model. The first is a soil step to model the behaviour of the soil by defining two predefined fields: one for the effective stresses, which is a geostatic field, and the other one to set the distribution of the pore pressure, which is defined as a pore pressure field. The three other steps are gravity loads (of soil, structure), loads in normal conditions and loads in extreme conditions, respectively.




2.8. Design 3: Monopile Detailed Model


For this design, the geometry of the foundation has been improved to be the closest to reality. The transition piece is now modelled as well as the grout that links the monopile and the transition piece. Furthermore, the connection between the tower and the transition is modelled using a bolted flange connection, as shown in Figure 5 and Figure 6.



The grout has been modelled as a cylindrical pipe with constant radius, like the monopile. The transition piece is also a cylindrical pipe but with a variable cross-section: the part that is in contact with the grout has a constant radius (up to the mean sea level) and then the outer diameter decreases up to the flange connection; note that the thickness is constant along the transition piece. The design of this model is shown in Figure 6. The geometric characteristics are shown in Table 5.



M100 bolts, with a length of 0.5 m, were used with the head of the bolt having a diameter of 0.11 m and a thickness of 0.04 m. One hundred bolts were used in this model. Every part is made of the same material (steel S550) except the grout, and the density  ρ  of the steel for the tower is still 8500   kg .  m  − 3    , whereas it is 7850   kg .  m  − 3     for the bolts, monopile and transition piece. The grout connection is made of concrete, and more precisely of Ducorit D4, with presented properties in Table 6.



Different surface-to-surface interactions were defined in this model. Firstly, a cohesive surface-to-surface interaction was required to connect the grout with the monopile and the transition piece. The normal behaviour is set as “hard” contact, whereas the tangential behaviour is set as “penalty” with a coefficient of friction of 0.5. The grout was set as the slave surface and the monopile and transition piece as the master surface. The small sliding formulation has been chosen. Then, the connection between bolts and tower and transition was divided into two interactions: one interaction for the sides of the bolts and another one for the contact with the head of the bolt. Both of those contacts were set as a cohesive surface-to-surface contact, with a normal behaviour as “hard” contact and a tangential behaviour as frictionless. Bolts were defined as the master surface and both the tower and transition piece as the slave surface. Finally, the last interaction is the surface-to-surface contact between the tower and the transition piece, which was set as frictionless contact. Due to the different interactions defined in this model, the mesh is more complicated than the previous designs. First, around the holes the number of elements is 20. For the flange connection, there are 15 elements along the height of this flange. Then, for both the tower and transition piece, the size along the height is 0.5, whereas the size for the circumferential edges is 0.1. As for the monopile, the global size is 0.4. Finally, for the grout, the size along the height is 0.27, and for the circumferential edges it is 0.05. The mesh for the bolts is coarser, and only 10 elements are used along the height and for the heads of the bolts. Furthermore, the element type is still a linear element C3D8 without reduced integration.





3. Results and Discussion


3.1. Design 1 Results


The most relevant outputs of the simulation are the displacements and the different types of stresses in the structure. The maximum deflection in both situations is located at the top of the tower, as expected for a structure that is mainly subjected to bending (see Figure 7). Under extreme conditions, the maximum lateral displacement at the top of the tower is 1.097 m, whereas in normal conditions it is only 29.14 cm. Therefore, the deflection is almost four times larger in the extreme sea conditions. Note that in both conditions, the displacement is less than the allowed value of 1.65 m.



To check the strength of the structure, the value of the maximum von Mises stress was evaluated. As shown in Figure 8, the maximum von Mises stress for normal conditions is 58.61 MPa, whereas it is 189.3 MPa for extreme conditions. Those values are both less than the yield stress of the steel, which is 550 MPa, so the material maintains an elastic behaviour under loading and consequently no structural failure occurs.



To study the structure under lateral and also vertical loads (due to the weight of different parts), the vertical stresses (σyy or S22 in ABAQUS) were also analysed (Figure 9).



It can be seen that the vertical stresses do not have the same sign along the structure. The stresses are positive on the face where loads are applied, which corresponds to a tension area. The stresses on the opposite face are negative, which corresponds to a compression area. This change of sign is due to the fact that the structure is subject to bending. In this situation, the half-left face of the monopile is a tension face and the other half face of it is a compression face. However, when studying an embedded beam, generally the maximum vertical stress values are located at the embedded region, which is not the case here. This is mainly due to the fact that the cross-section is not constant throughout the structure. Figure 9 shows that the maximum stresses occur around 30 m, which is 10 m above the sea surface level. This location corresponds to the transition area between the foundation and the tower. Moreover, the stresses are a bit larger on the bottom face of the transition piece than on the top face of it. In a frequency analysis, no loads are applied on the structure. Only the rotor and nacelle assembly is modelled as inertia at the top of the tower. The value of the natural frequency is 0.31051 Hz. This is a good value for the frequency because it is between the 1P and 3P range and it is also close to the theoretical value, which is 0.3240 Hz. The relative error is 4.16%, which is relatively small. Note that the deformation scale factor is set to 20 in every result shown.




3.2. Design 2 Results


As explained above, three different types of soil will be studied in this section: two homogeneous soils and a layered soil.



Stiff clay



The first one is a homogeneous stiff clay. The vertical stress σzz is the same as without the soil and its distribution along the tower is the same (the bottom face is still a compression area whereas the top face is a tension area). However, the lateral displacement has been impacted, as shown in Figure 10.



The maximum deflection in normal conditions is now 0.3203 m versus 0.2914 m without soil, but a more significant difference is observed under extreme conditions because the largest deflection is 1.208 m versus 1.097 m without soil; a rise of 11.1 cm. This is expected because the monopile is no longer fully fixed at its bottom, and so this part is allowed to move, which implies a larger displacement at the top of the tower. Commonly, the water and air in the voids of a component of soil will be under pressure, either because of the physical location of the soil or as a cause of external forces, and will be determined by Mw and Ma, respectively. This pressure is the pore pressure. Effective stress (σ’) is associated with three stresses σ, Mw and Ma and for saturated soils, which is illustrated by Terzaghi’s theory (σ’= σ − Mw) [78].



As shown in Figure 11, whether it is the effective stress or the pore pressure, both are very close to the theory [79].



Soft clay



The second soil is a soft clay. As shown in Figure 12, the maximum deflection is 0.3529 m in normal conditions and 1.335 m in extreme conditions. We can note that those values are larger than those for stiff clay, which is expected as the soft clay is less stiff and will deform more.



Furthermore, as for the stiff clay, the maximum von Mises stress is the same as the model without soil, so the behaviour of the structure stays in the elastic range and no failure occurs. The natural frequency with the soft clay is 0.28330 Hz.



Layered soil



In reality, soils are rarely homogeneous. Soils are usually composed of different layers. According to the New Jersey Geological Survey, the stratigraphic information in the location of the wind farm shows that the soil is mainly composed of sand and clay. To simplify the composition of soil, only stiff/soft clay and medium sand will be modelled. According to Figure 13, the displacement at the top of the tower is 0.3284 m in normal conditions and 1.24 m in extreme conditions. This is expected, as the soil is made of different stiff and soft clay, but also of medium sand that is stiffer than the soft clay, so the maximum deflection should be between the values obtained with homogeneous stiff and soft clay. The natural frequency with the layered soil is 0.29371 Hz.



Finally, the natural frequency is slightly different in the three cases but is still within the 1P to 3P range. It can be noted that those values are lower than the theoretical value of 0.3240 Hz, and the largest difference is that for the soft clay, with a relative error of 12.56%. Different practical studies have shown that the most important parameter when studying soil–structure interaction under lateral loading is the rotational stiffness. Indeed, soil properties may have a significant impact on the rotational stiffness and therefore on the natural frequency [80].



Obviously, the first of these parameters is the types of soil that were defined above. To study the influence of the interaction of the soil with the embedded structure, the lateral displacement and the von Mises stresses were plotted along an edge of the monopile (along the outer diameter).



As shown in Figure 14, the stiffness of the soil has an impact on the lateral displacement of the pile. As shown in Figure 14a, a soft clay soil with a low stiffness implies more displacement of the monopile at the seabed level, and also at the bottom. For example, the displacement at the bottom of the monopile is −12.58 mm in the soft clay, whereas it is −1.85 mm and −2.83 mm in the stiff clay and the layered soil, respectively, and it is up to 6.5 times larger in the case of soft clay. Consequently, a larger displacement at the bottom implies a larger displacement at the top. The von Mises stress is greater in the soft soil as well. As shown in Figure 14b, in the three cases, the values of the stress at the bottom and at the seabed level are the same; however, the stress along the pile is around 5–6 MPa greater in soft clay and layered soil than in stiff clay.



Another parameter that has a huge influence is the embedded length. The previous results were shown with an embedded length of 35 m. The analysis was repeated with different embedded lengths of 5, 10, 15, 20, 25 m. The results show that the embedded length does not have any influence on the maximum von Mises stress: it is still the same as without soil. However, as expected, the natural frequency and the displacement at the top of the tower are affected, as shown in Figure 15.



As expected, the maximum displacement is widely impacted by the embedded length. Indeed, the smaller this length, the greater the displacement of the tower. As only the soil restricts the monopile’s movement, if the embedded length of the monopile is not enough, the displacement of the tower will be too high. However, we can also note that the natural frequency decreases as the embedded length decreases. In every case, the natural frequency is within the 1P to 3P range, but with a small embedded length this frequency gets closer to the 1P frequency, and this situation has to be avoided as much as possible. In addition, the effects of Young’s modulus (E) are investigated in Figure 16.



As the soil is only modelled as an elastic medium, the Young’s modulus of the soil is the parameter that has the most impact on results. As shown above with the different types of soil, when the Young’s modulus is small (around 20–30 MPa), the soil has a lower stiffness and consequently the top deflection of the tower is greater. Additionally, the natural frequency decreases slightly as the Young’s modulus decreases. All these analyses were performed with an embedded length of 35 m in this part.



The results also show that the embedded length has more influence on the lateral displacement of the structure than the Young’s modulus of soil. The most commonly used model in geotechnical studies is the Mohr–Coulomb model. The Mohr–Coulomb model has been implemented for the stiff clay soil. The values of the internal friction angle Φ and the dilation angle ψ are assumed both equal to    0 °    and the cohesion of the soil C is set to 50–150 kPa for undrained soil. The results have shown that there is no significant difference between this and the elastic model. Indeed, the von Mises stress and the lateral displacement have the same distribution along the monopile.



As shown in Figure 17, cohesion does not really have a huge impact on the von Mises stresses along the monopile, but a low amount of cohesion leads to larger displacement of the monopile and consequently the maximum displacement at the top of the tower will also increase.




3.3. Design 3 Results


The maximum displacement in extreme conditions is 1.012 m (see Figure 18), and under normal conditions is 26.80 cm. We can note that these displacements are smaller than with the simplified model. Indeed, the transition part has a greater constant thickness along the piece in this model than in the first model.



As there are holes in both the tower and the transition piece, stresses will be higher. Unlike the lateral displacement, there is a significant difference in maximum stresses between the two models. As shown in Figure 19, the maximum von Mises stress in normal conditions is 102.7 MPa, while it is 490.2 MPa in extreme conditions. This may be due to the fact that there is a bolted flange connection in this model [81]. Consequently, as the tower and the transition part only lean on each other and are only linked by bolts, the maximum stresses will be at the contact surface, close to the holes. The results of three types of design are summarised in Table 7.



The distribution of vertical stresses σyy (see Figure 20) is very different from the first model, which is not surprising because the first model was only made of a single part. However, the compression and tension area are still on the same sides for both the monopile and the transition piece.



The area where loads are applied (on the left) is a tension area whereas the opposite face is a compression area, but as shown in Figure 21, the distribution of the stresses is the same in normal conditions and extreme conditions, which is not the case for the monopile.



The influence of the number of bolts on the different parameters was also investigated (see Figure 22).



As expected, the lateral displacement slightly decreases when the number of bolts increases, but the difference between 24 bolts and 100 bolts is not significant. The parameter largely impacted by the number of bolts is the von Mises stress. Indeed, in both normal and extreme conditions, the maximum stress is 2.7 times greater with 24 bolts than with 100 bolts. Furthermore, when the number of bolts is under 85–90, the maximum Von Mises stress is greater than the yield stress of the steel, and consequently plastic deformations will occur. Therefore, the number of bolts is very important and there should be a sufficient number of bolts for the structure to resist external loads.





4. Conclusions


In this study, three different models were developed to analyse the influential parameters of the wind turbine foundation. The first was a simple model, and omitted many complex structural parts. Despite the simplicity of the model, it gives an idea of the order of magnitude of the results, especially concerning the displacement at the top of the tower and the natural frequency. Concerning the von Mises stresses, the results were not as accurate as the displacement (compared with the complex model). In the second design, the soil was added to this simplified model to ascertain its influence. Different parametric studies were carried out to investigate the influence of the soil. It was shown that the mechanical parameters of soil (such as cohesion for the elasto-plastic model) do not have a great effect on the results. However, the Young’s modulus of the soil has a large influence, which is due to the fact that this parameter directly influences the stiffness of the soil and consequently the displacement of the structure will be affected. The embedded length also has a non-negligible influence on the displacement. The soil was also modelled using an elasto-plastic criteria (Mohr–Coulomb) model, which produced similar results to the elastic model. Finally, a more complex model was designed by properly modelling the grout, the transition piece and also the connection between the wind turbine and the transition piece. This model is closer to reality than the first one. Displacement at the top of the tower in this model is lower than in the first model, but the main difference is in the von Mises stresses, which are greater in the complex model, mainly due to stress concentration at the bolts and connection joints. In extreme conditions, the maximum stresses are very close to the yield stress of the steel. Future studies can consider other types of wind turbines and the effects of other soil properties in this kind of wind turbine.
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Figure 1. Simplified finite element model: (a) model, (b) finite element analysis. 
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Figure 2. Boundary conditions. 
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Figure 3. Soil 3D model. 






Figure 3. Soil 3D model.



[image: Computation 09 00071 g003]







[image: Computation 09 00071 g004 550] 





Figure 4. Global mesh of soil: (a) Soil’s mesh, (b) Mesh size. 
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Figure 5. Flange bolted connection: (a) Bolted connection, (b) Geometric features. 
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Figure 6. Three-dimensional complex model. 






Figure 6. Three-dimensional complex model.



[image: Computation 09 00071 g006]







[image: Computation 09 00071 g007 550] 





Figure 7. Lateral displacement: (a) Normal conditions, (b) Extreme sea state. 
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Figure 8. Von Mises stress: (a) Normal conditions, (b) Extreme sea state. 
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Figure 9. Vertical stresses—Extreme conditions, (a) Results of stress analysis, (b) Stress map. 
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Figure 10. Lateral displacement: (a) Normal conditions, (b) Extreme sea state. 
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Figure 11. Stresses in situ: (a) Effective stresses (σ’), (b) Pore pressure. 
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Figure 12. Lateral displacement: (a) Normal conditions, (b) Extreme sea state. 
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Figure 13. Lateral displacement: (a) Normal conditions, (b) Extreme sea state. 
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Figure 14. Soil–structure interaction: (a) Lateral displacements, (b) Von Mises stresses. 
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Figure 15. Influence of embedded length: (a) Lateral displacement, (b) Natural frequency. 
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Figure 16. Influence of Young’s modulus E: (a) Lateral displacement, (b) Natural frequency. 
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Figure 17. Influence of cohesion C of soil: (a) Lateral displacements, (b) Von Mises stresses. 
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Figure 18. Lateral displacement: (a) Extreme sea state, (b) Normal conditions. 
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Figure 19. Von Mises stresses: (a) Normal conditions, (b) Extreme sea conditions. 
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Figure 20. Vertical stresses on monopile: (a) Extreme sea state, (b) Normal conditions. 
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Figure 21. Von Mises stresses: (a) Extreme sea state, (b) Normal conditions. 
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Figure 22. Influence of number of bolts: (a) Lateral displacement, (b) Von Mises stresses. 
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Table 1. Different types of analyses.






Table 1. Different types of analyses.





	
Design 1 (Without the Soil)

	
Design 2 (With the Soil)




	
Loads:

Weight of Blades and Nacelle

Rotor Force

Weight of Structure

Lateral Loads (Waves and Wind)

	
Four Steps:

	
Three Different Types of Soil:




	
Soil Step (Behaviour of the Soil)

Gravity Loads (Soil and Structure)

Loads in Normal Conditions (NC)

Loads in Extreme Conditions (EC)

	
(1) Homogeneous Stiff Clay

(2) Homogeneous Soft Clay

(3) Layered Soil (Composed of Sand and Clay)




	
Design 3 (With the Soil + Transition Piece + Grout + Connection between Tower and Transition Piece)




	
Grout (Cylindrical Pipe with Constant Radius)

Transition Piece (Cylindrical Pipe with Variable Cross-Section)

Grout Connection (Made of Concrete)
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Table 2. Wave parameters and wind speed in normal conditions and extreme sea state.
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Normal Conditions

	
Extreme Sea State






	
Wave parameters

	
Significant height H

	
1 m

	
8.4 m




	
Wave length λ

	
48.09 m

	
173 m




	
Wave period T

	
5.579 s

	
13.359 s




	
Wave pulsation ω

	
1.126064 rad/s

	
0.47032 rad/s




	
Wind speed

	
Height = 13.80 m

	
6.38 m/s

	
23.97 m/s




	
Height = 90 m

	
8.02 m/s

	
27.23 m/s
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Table 3. NREL-5MW features.
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Geometric Features






	
Hub height

	
90 m




	
Rotor diameter

	
126 m




	
Diameter/thickness at the bottom

	
6 m/0.027 m




	
Diameter/thickness at the top

	
3.85 m/0.019 m




	
Drivetrain properties




	
Rated rotor speed

	
12.1 rpm




	
Nominal speed/cut-off speed

	
11.2 m/s/25 m/s




	
Rated generator speed

	
1173.7 rpm




	
Electrical generator efficiency

	
94.4%




	
Mass properties




	
Rotor weight

	
110,000 kg




	
Nacelle weight

	
240,000 kg




	
Tower weight

	
347,460 kg




	
Total weight

	
697,460 kg




	
Frequency




	
1P Frequency range

	
0.115 Hz–0.20 Hz




	
3P Frequency range

	
0.35 Hz–0.61 Hz




	
Theoretical natural frequency

	
0.3240 Hz











[image: Table] 





Table 4. The properties for the soil layers.
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	Depth (m)
	E (MPa)
	υ (Unitless)
	    ρ    (  kg .  m  − 3    )     
	  e   (Unitless)
	Φ (°)
	Ψ (°)





	0–5 m: Dense sand
	60
	0.35
	918.4
	0.81
	33
	3



	5–10 m: Soft clay
	20
	0.45
	1120
	0.66
	0
	0



	10–15 m: Stiff clay
	75
	0.45
	1200
	0.54
	0
	0



	15–20 m: Stiff clay
	85
	0.45
	1250
	0.43
	0
	0



	20–25 m: Dense sand
	75
	0.35
	968.4
	0.72
	38
	8



	25–30 m: Soft clay
	25
	0.45
	1190
	0.59
	0
	0



	30–40 m: Stiff clay
	95
	0.45
	1070
	0.43
	0
	0







Where E, υ, e, Φ and Ψ are the modulus of elasticity, Poisson’s ratio, density, void ratio, internal friction angle and dilation angle, respectively.
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Table 5. The geometrical properties.






Table 5. The geometrical properties.





	Part
	Outer Diameter
	Thickness
	Length





	Monopile
	7 m
	0.13 m
	19 m



	Grout
	7.36 m
	0.18 m
	12.5 m



	Transition piece to sea level
	7.7 m
	0.17 m
	13.5 m



	Transition piece at flange connection
	7 m
	0.17 m
	9.75 m
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Table 6. Mechanical properties of Ducorit D4.
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	Properties
	Grout





	Density   ρ  
	2470   kg .  m  − 3    



	Young’s modulus E
	70 GPa



	Poisson’s ratio υ
	0.19



	Coefficient of friction with the steel
	0.5
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Table 7. The results of three different designs (NC: Normal Condition, EC: Extreme Condition).






Table 7. The results of three different designs (NC: Normal Condition, EC: Extreme Condition).





	

	
Design 1

	
Design 2

	
Design 3




	
Soil 1

	
Soil 2

	
Soil 3




	
NC

	
EC

	
NC

	
EC

	
NC

	
EC

	
NC

	
EC

	
NC

	
EC






	
Maximum Lateral Displacement (m)

	
0.2914

	
1.097

	
0.3203

	
1.208

	
0.3529

	
1.335

	
0.3284

	
1.24

	
0.2680

	
1.012




	
Maximum Von Mises Stress (MPa)

	
58.61

	
189.3

	
*

	
*

	
*

	
*

	
*

	
*

	
102.7

	
490.2




	
Natural Frequency (Hz)

	
0.31051

	
0.31051

	
0.28330

	
0.29371

	
0.31051








* In design 2, the maximum von Mises stress in both models with soil and without soil was negligible and, therefore, the soil did not have any influence on the variation of this parameter.
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